This paper presents the development of a model which calculates the composition of the organic phase for a system used to remove selectively americium from a PUREX raffinate. A phenomenological approach is performed to aggregate step by step the specificities of this complex extraction system. Modeling of the influence of TEDGA is complex because experiments have shown that the water-soluble ligand TEDGA is extracted by the diamide and that its extraction is enhanced in presence of lanthanides. The formation of mixed solvates lanthanides-TEDGA-DMDOHEMA is thus taken into account.
Background
Uranium and plutonium are already recovered using the conventional PUREX process. Other elements contained in the spent fuel solution are currently vitrified and stored. To reduce the toxicity and the residual heat of glass containers, studies are conducted to remove selectively americium which is the main contributor to residual heat in the PUREX raffinate. Its removal allows increasing the density of the geological repository and americium would be further used to manufacture fuel for GEN IV reactors.
The process developed for the selective and quantitative recovering of americium is called EXAm [1] . Two main difficulties are encountered in this process: firstly the separation of americium from curium and secondly the purification of americium from lanthanides. These separations are carried out in two successive liquid-liquid steps which use selective molecules in aqueous and organic phases [1] [2] [3] [4] .
The chemical system under study in this paper is devoted to the americium/curium separation. Because of the similar chemical behavior of these actinides, dedicated molecules have been developed to obtain a maximum separation efficiency [5] . It was obviously a research objective but it is also interesting to perform the process with minimum separation stages [4] . The organic phase is composed of two extractant molecules: the diMethyl-diOctyl-hexaethoxy-malonamide (DMDOHEMA) and the di-2-ethylhexyl phosphoric acid (HDEHP) diluted in TPH. This system brings an Am/Cm selectivity which can be reinforced by adding a water-soluble ligand the N,N,N ,N -tetraethyldiglycolamide (TEDGA). In this complex system, the extraction behavior of actinides and lanthanides is similar so, to control the process and achieve performances, it is necessary to understand and model the behavior of lanthanides.
Experimental methods
The concentrations of DMDOHEMA and HDEHP in all experiments reported in this article are 0.6M and 0.3M respectively. All experiments were conducted at 25°C. It was checked that the phase contact time is sufficient to reach equilibrium. After shaking, phases are separated by centrifugation. The acidity of the aqueous phase is measured by potentiometry. The lanthanide concentrations in aqueous solutions are determined by ICP-AES. Organic phases are back-extracted in a suitable aqueous phase, containing TEDGA 0,3M and nitric acid 1M, in order to evaluate by ICP-AES the organic lanthanide composition. Therefore mass balance could be calculated for every experiment. TEDGA is measured in the aqueous solutions by HPLC. The distribution coefficient is calculated as the ratio of the total organic and aqueous concentrations.
Experimental and modeling results
First of all, the extraction of nitric acid has to be evaluated to correctly calculate the saturation of the solvent. Experimental results confirm that HDEHP acts as a cationic extractant and thus does not extract nitric acid. However a significant amount of nitric acid is extracted by DMDOHEMA. Figure 3 reports the extraction isotherm of nitric acid with DMDOHEMA alone or along with HDEHP. Two equilibriums were postulated to describe the extraction isotherm of nitric acid. They can be expressed as follows ([ ] is concentration in the organic phase): HNO  DMDOHEMA  NO  H   3  3   ;  DMDOHEMA  NO  H   DMDOHEMA  ,  HNO  K   3   3  3  11   DMDOHEMA  ,  HNO  DMDOHEMA  NO  3  H  3   3  3  3   ;  DMDOHEMA  NO  H   DMDOHEMA  ,  HNO  K   3  3   3   3  3  13 where K 11 and K 13 are the extraction equilibrium constants associated to each reaction. DMDOHEMA acts as the free concentration of diamide. The fact that concentrations instead of activities are used in this model can be justified by the relatively narrow acidity range in which the model is validated (4-5 mol/L). Moreover high acidity and comparatively small amounts of lanthanides suggest that the concentrations of lanthanides only slightly influence the ionic strength and the water activity of the aqueous phase.
Resolving mass balance equation of diamide and using an optimization method, the best fit of experimental data of figure 1 is obtained with K 11 = 0.232 L 2 /mol 2 and K 13 = 1,18.10 -4 L 6 /mol 6 . The curve on figure 1 shows the good agreement between this modeling and experimental data.
Experiments with lanthanides without TEDGA were carried out at two aqueous nitric acid concentrations 4 M and 5 M. Figure 2 shows distribution ratios as a function of metal concentration. The distribution ratio is affected by the atomic number of the extracted lanthanide [6] , by its concentration and by nitric acidity. It appears clearly that lanthanum is the less extracted lanthanide, but the affinity of the solvent for the other metals is not clear according to experimental data of figure 2. Gannaz et al. [6] observe that the extraction of lanthanides by DMDOHEMA and dihexylphosphoric acid HDHP (at a lowest nitric acidity) reaches a maximum for praseodymium and then slightly decreases up to europium. Experiments at 4 M of HNO 3 reported on figure 2 are in good agreement with this observation.
Several stoichiometries of solvates were tested for each lanthanide but the best agreement with experimental data is obtained considering the two following solvates: On the one hand, K 1 increases with atomic number and on the other hand, K 2 decreases. We could notice that optimization leads to suppress the mixed solvates for samarium. Figure 2 shows the good agreement between modeling and experiments.
It is important to study the extraction behavior of TEDGA without lanthanides. Experiments with each extractant show that TEDGA is extracted by DMDOHEMA. Distribution ratio of TEDGA with the mixture DMDOHEMA-HDEHP are reported on figure 3. Distribution ratios of TEDGA up to 0.11 are observed at the lowest aqueous concentration of TEDGA. Furthermore, the D value decreases with aqueous concentration of TEDGA and increases with aqueous nitric acidity. To fit data shown in figure 3 , the following equilibrium is considered: HNO  ,  TEDGA  H  DMDOHEMA  3  NO  4  H  5  TEDGA ; K TEDGA This optimization leads to K TEDGA = 2.43 x 10 -4 L 12 /mol 12 . The calculated distribution ratios which are drawn as curves in figure 3 describe well the distribution of TEDGA.
The results of figure 4 show that TEDGA strongly changes distribution ratios of lanthanides. According to figure 4a, the maximum distribution ratio is obtained for lanthanum and falls for the heavier lanthanides. Considering the results of figure 2, TEDGA has a complexing strength which increases with atomic number of lanthanides [8] . Moreover Figure 4b exhibits the extraction of lanthanides -TEDGA complexes. It can be seen that the remaining TEDGA concentration in the aqueous phase decreases when the D value increases i.e. when the lanthanide content in the organic phase increases. Experiments show that the extractability of TEDGA complexes decreases with atomic number of lanthanides and seems to vanish for europium. These observations lead to postulate solvates containing lanthanides and TEDGA from lanthanum to neodymium.
Stoichiometries of aqueous TEDGA complexes were adjusted for each lanthanide (Table 2 ). .54 x 10 6 (n = 2) 1.01 x 10 9 (n = 2) --From lanthanum to europium, results of table 2 obtained by mathematical optimization show that the mean number of TEDGA per lanthanide in the aqueous complexes increases with atomic number. This result is confirmed by molecular dynamics simulations and calorimetric experiments performed by Charbonnel et al. [8] . Moreover the best agreement between experiments and modeling is reached when the extraction of complexes containing one and two molecules of TEDGA is postulated.
The accuracy of the model can be observed in figure 4 where the straight and dashed lines represent the calculated values at the aqueous acidity of 4 M and 5 M respectively.
Conclusions
This paper presents a model developed using a phenomenological approach where the main phenomena observed in a complex extraction system are successively taken into account. The objective of this model is, of course, to calculate with the best accuracy the concentrations of lanthanides, but to reach this objective, the model should be as precise as possible in the estimation of aqueous TEDGA concentration. It is complicated in this system for two reasons: firstly, the TEDGA complexes are numerous (up to 3 are experimentally observed in the aqueous phase [8] ) and secondly, some lanthanides-TEDGA complexes are extracted.
The model was successfully used to simulate the behavior of lanthanides in a process developed to selectively recover americium [4] . In this sensitive process, the accuracy of the model is a crucial aspect in order to anticipate accumulation of lanthanides and the behavior of americium and curium.
